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Abstract
We study the generation of small neutrino masses from the dimension six effective operator
at tree level and one-loop level, the neutrinos are assumed to be Dirac particles. We find out all
possible tree and one-loop diagrams which lead to finite neutrino masses. The relevant mediator
fields and the predictions for neutrino masses are presented. The lower order contributions to
neutrino masses can be forbidden by introducing soft breaking abelian symmetry or finite non-
abelian symmetry. The messengers inside the loop can be dark matter particles. The possible
dark matter candidates and the corresponding constraints on the parameter α are analyzed for
each model.
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1 Introduction
The origin of the tiny but nonzero neutrino masses is an open question in particle physics. A
variety of mechanisms have been proposed to naturally generate the neutrino masses. If neutrinos
are Majorana particles, their masses are uniquely described by the following effective operators in
the standard model (SM) [1, 2],
LM5+2m = −
1
2
gαβ
Λ
(
`CLαH˜
∗
)(
H˜†`Lβ
)(H†H
Λ2
)m
+ H.c. , (1)
where m is a generic non-negative integer, `L = (νL, lL)
T is the left-handed lepton doublet, H =
(H+, H0)T is the Higgs doublet with H˜ = iσ2H
∗, Λ denotes the new physics scale. The famous
Weinberg operator [3] is exactly reproduced for the case of m = 0. The above neutrino mass
operators can be obtained by integrating out the new heavy fermions and scalars at tree level or
through radiative corrections at loop level. There are only three possible renormalizable ultraviolet
completions of the Weinberg operators at tree level, and they are known as type-I [4–7], type-
II [8–13], and type-III [14] seesaw mechanisms. In the scenario of radiatively generated neutrino
masses, the effective Weinberg operator can arise at one-loop [15] or two-loop level [13, 16, 17]. A
systematic analysis of all possible one-loop realizations has been performed in Ref. [18], and the
possible dark matter particle as one of the internal messengers is discussed in Ref. [19]. A similar
analysis has been performed for the one-loop topologies which lead to the dimension seven effective
neutrino mass operator corresponding to m = 1 [20]. Systematic classifications of the two-loop
radiative models are presented in Refs. [21, 22]. Radiative generation of neutrino mass is a very
appealing idea, and there are many such kind of models and relevant phenomenological studies in
the literature, see [23] for a recent review.
The signal of neutrinoless double beta decay has not been observed, the nature of neutrinos
is still unclear, and we can not exclude the possibility that neutrinos are Dirac particles. In the
context of standard model, the most general effective operators for the Dirac neutrino masses take
the following form
L D4+2n = −yαβ`LαH˜νRβ
(
H†H
Λ2
)n
+ H.c. , (2)
where νR are the right-handed neutrino fields. Since νR are standard model singlets, the Majorana
mass term (mN/2)νcRνR is allowed such that the light neutrinos would be Majorana particles. As
a consequence, under the assumption that neutrinos are Dirac particles, additional symmetry is
generally needed to forbid the right-handed neutrino Majorana mass term and it is usually taken
to be U(1)L lepton number. The lowest order dimensional four Dirac neutrino mass operator for
n = 0 can be generated from the tree level diagram in the so-called Dirac seesaw mechanism [24–26].
The Dirac neutrino masses can also be realized through loop corrections [27–32]. The generation
of Dirac neutrino masses at tree level and one-loop level has been studied in Refs. [33,34], and the
possible topologies of the one-loop diagram are found.
In the present work, we shall focus on the dimension six operator of the Dirac neutrino masses
corresponding to n = 1. We shall give a systematic analysis of underlying ultraviolet completions
of this operator at both tree level and one-loop level. We shall identify all topologies and the
corresponding models in which the leading order contributions to the neutrino masses arise from
the dimension six operator while the dimension four one-loop contributions should be forbidden by
the symmetry of the models with a given field content. The resulting predictions of each viable
model for the light neutrino mass matrix would be presented.
Another evidence for physics beyond the standard model is dark matter. The dark matter
plays an important role in cosmic structure formation and galaxy formation and evolution and on
explanations of the anisotropies observed in the cosmic microwave background. The exact nature of
dark matter is still unknown. It is widely accepted that the dark matter particles must be neutral
and stable in order to be consistent with structure formation. Various dark matter models have
been put forward. There are many experiments that are searching for dark matter particles or are
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in various stages of planning and construction, but no dark matter particle has been conclusively
identified. Obviously both neutrino masses and dark matter should be explained in the underlying
model of new physics beyond the standard model. Analogous to the scotogenic model [35], the
particles mediating the one-loop diagram for neutrino masses could be dark matter candidates. In
this work, we shall further study whether and under which conditions the above obtained dimension
six Dirac neutrino mass models can account for dark matter.
This paper is organized as follows: In section 2 we systematically study the tree level and one-
loop realizations of the dimension six Dirac neutrino mass operator, we identify all topologies and
list the possible content of the mediators and their transformation properties under the SM gauge
group for the viable models. In section 3, we show how to forbid the lower order contributions
to the neutrino masses. In section 4, we discuss the possible dark matter candidates of the viable
models. Finally, we summarize and present our conclusions in section 5. We show the one-loop
Feynman diagrams, the possible assignments for the mediators, the expressions for the neutrino
masses and the dark matter candidates in Appendix A. The explicit expressions of the loop integral
involved in neutrino mass are collected in Appendix B.
2 Systematic classifications of tree and one-loop realizations of
dimension six Dirac neutrino mass operator
In this section, we shall show all possible decompositions of the effective dimension six operator
`LH˜νR
(
H†H
)
for the Dirac neutrino masses at both tree level and one-loop level. For each topology
and possible Lorentz structures, we shall give the quantum numbers of the mediators and the
expression of the neutrino mass matrix. In this setup, the neutrino masses are typically estimated
as
mν ∼ C
(
1
16pi2
)j v3
Λ2
, (3)
where j = 0 for tree level diagrams and j = 1 for one-loop diagrams, v denotes the vacuum
expectation value of the SM Higgs field, Λ is the new physics scale. All coupling constants are
absorbed in the dimensionless coefficient C. To accommodate the neutrino mass scale O(1) eV,
the new physics scale should be approximately
Λ ∼ 6× 103C1/2 TeV , (4)
for one-loop realizations. In a concrete model, some of the constants are expected to be less than
one, which could bring the new physics scale to lower values.
2.1 Tree level
There are only two possible topologies named as F1 and F2 at tree level, as shown in table 1.
The new fields are denoted by the notation XLY , where X corresponds to the SU(2) representation
under which the field transforms, L refers to the Lorentz nature, S for scalar and F for fermion,
Y is the hypercharge fulfilling Y = 2(Q− T3), where Q is the electric charge and T3 is its isospin.
In this work, we shall consider the case that the new fields are electroweak singlet X = 1, doublet
X = 2 or triplet X = 3. The results for larger representations can be easily obtained. The new
fields are assumed to be either scalars or fermions, the fermions should be vector-like to ensure
anomaly cancellation. The diagrams with scalar or vector bosons are equivalent, and the resulting
neutrino masses for the diagrams with vectors can be straightforwardly obtained from those of the
diagrams with scalars. Furthermore, vector bosons are generally the gauge bosons of a certain
gauge symmetry, their mass are generated via the spontaneous breaking of that symmetry. As a
result, the scalar sector of these models should be discussed carefully as well, the corresponding
analysis is highly model dependent. Therefore we shall focus on the scalar and fermion mediated
models in the present work.
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Table 1: Possible topologies and diagrams for the tree level decomposition of the dimension six
effective operator `LH˜νR
(
H†H
)
.
We present our results in table 1, where the transformation rules of the messenger fields are
determined from the invariance of each interaction vertex under the SM gauge group. For the
topology F1, only one diagram is allowed and a new scalar field transforming as 2S1 should be
introduced. For the second topology F2, there are altogether nine possible realizations leading
to the effective operators `LH˜νR
(
H†H
)
. One needs to introduce two mediators, either of which
can be scalar or fermion field. We see that the mediators can take two different sets of quantum
numbers for certain cases (e.g. F2-1-2).
2.2 One-loop level
A systematical analysis of how to generate the renormalizable Dirac neutrino mass operator `LH˜νR
at one-loop level has been performed in Ref. [33,34]. It was shown that there are only two possible
topologies, which are displayed in table 2 and would be called Ma diagrams hereafter. The SM gauge
3
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+ J3
(
Mφ,MΨi ,Mψj
)]
Table 2: Generation of the dimension four Dirac neutrino mass term `LH˜νR at one-loop [33]. The
possible assignments of the mediator fields, dark matter candidates and the predictions for neutrino
masses are presented.
quantum numbers of the mediator fields, the possible dark matter candidates and the expressions
of the neutrino masses are presented as well. In this section, we shall follow the diagram-based
approach of Ref. [18,21] to find out all possible one-loop realizations for dimension six Dirac neutrino
mass operator. Firstly we use the program FeynArts [36] to construct the one-loop topologies with
five external legs, the self-energy and tadpole diagrams are excluded. We require that the underlying
theory is renormalizable such that all the vertices should contain only three or four legs. It turns
out that there are totally 16 distinct topologies, as shown in figure 1. Subsequently we insert scalars
and fermions into each topology. The topologies T1, T10 and T14 can be discarded because non-
renormalizable vertices are needed in these diagrams. There are usually more than one possibilities
of assigning the five external legs to the lepton doublet `L, the right-handed neutrino singlet νR, two
Higgs doublets H and the Higgs conjugate H†, therefore a given topology can give rise to several
Feynman diagrams. All possible Feynman diagrams are generated with the help of FeynArts. The
one-loop Feynman diagrams are named as Ta-b-c, where “a” represents the topology, “b” denotes
the different choices of the fermion lines in a given topology, and “c” refers to the assignments of
the external fields, i.e., the flow directions of lL, νR and H.
We can divide all the Feynman diagrams into two categories: the diagrams which lead to
finite loop integrals and the ones which involve infinite loop integrals. We collect the divergent
diagrams in figure 5, the corresponding divergence can be absorbed by the counter terms of the
tree level realizations of the dimension six operator. For the remaining diagrams with finite loop
integrals, we can identify the diagrams for which both the tree level realizations and Ma diagrams
can be avoided for certain quantum numbers of the mediators. There are only five such diagrams
T2-2, T3-6, T8-3, T8-4 and T8-5, as shown in figure 2. For the sake of completeness, figure 6
shows other finite diagrams for which either the tree level contributions or the Ma diagrams can
not be forbidden if no additional symmetry is introduced. Furthermore, we consider all possible
assignments for the fermion and scalar internal lines as well as the external lines of each diagram in
figure 2. Eventually we find only 13 irreducible Feynman diagrams which are suitable to generate
the small Dirac neutrino masses at one-loop level. The quantum numbers of the mediator fields and
the predictions for the neutrino masses are summarized in tables 6 – 8. Here we have focused on
the SU(2) singlets, doublets and triplets of scalars or fermions. Results for larger representations
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T1 T2 T3 T4
T5 T6 T7 T8
T9 T10 T11 T12
T13 T14 T15 T16
Figure 1: Topologies of one-loop diagrams with five external legs.
can be easily obtained. Notice that we don’t give explicitly the color quantum numbers. Since
both lepton and Higgs doublets are color singlets, the color charges of the mediator particles
can be straightforwardly fixed from SU(3) multiplication rules 1 ⊗ 1 = 1, 3 ⊗ 3¯ = 1 ⊕ 8 and
8 ⊗ 8 = 1 ⊕ 8 ⊕ 10 ⊕ 8 ⊕ 10⊕ 27 etc. On the other hand, we would like to discuss possible
dark matter candidates in our models, it is well-known that dark matter particle is color neutral,
therefore all states are assumed to be color singlets in this work.
From tables 6 – 8, we see that the hypercharges of the extra fields are fixed up to a free real
parameter α, and α should be an even or odd integer to avoid fractionally charged particles. It is
remarkable that both tree level diagrams shown in table 1 and the Ma diagrams in table 2 can be
absent for certain values of α, such that the neutrino masses dominantly arise from the effective
dimension six operator at one-loop level. We list the excluded values of α from the appearance of
lower order tree diagrams and Ma diagrams in these tables, where U denotes the universal set (i.e.,
the set of all possible values). If the excluded values of α constitute the universal set U, the lower
order tree or Ma diagrams can not be avoided without additional symmetry. For completeness we
present all possible assignments of the mediators for a given diagram in tables 6 – 8, the models
accompanied by lower order neutrino masses are not neglected.
The tables 6 – 8 are useful to read off the potential interesting radiative neutrino mass models.
In the following, we take T2-2-1-A as a concrete example. The new fields of this model include two
SM singlets ψ ∼ 1Fα and φ ∼ 1Sα, and two triplets Ψ ∼ 3F−2 and ϕ ∼ 3Sα+2. The relevant Feynman
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T2-2 T3-6 T8-3
T8-4 T8-5
Figure 2: Finite one-loop diagrams for the Dirac neutrino mass operator `LH˜νR
(
H†H
)
. Both
the tree level realizations in table 1 and the one-loop diagrams in table 2 can be absent for certain
quantum numbers of the messengers in these cases. The dashed lines denote scalars, and the solid
lines denote fermions.
diagram can be generated from the following Lagrangian invariant under the SM gauge symmetry,
LT2-2-1-A =
[
(yL)αi`Lα(τ
aΨai )H + yijΨ
a
iψjϕ
∗a + (yR)jβψjνRβφ+ λH†(τaϕa)H˜φ∗ + H.c.
]
−Mψψψ −MΨΨaΨa −M2φφ†φ−M2ϕϕ†aϕa ,
(5)
where α, β, i, j = 1, 2, 3 are flavor indices, and we assume there are three generations of new fermions
ψ and Ψ. The index a is for the adjoint representation (a = 1, 2, 3), yL, yR and y denote the Yukawa
couplings at the new interaction vertices, and λ is the coupling constant among the Higgs field H
and the new scalars φ and ϕ.
As regards the neutrino masses, we first calculate the one-loop Feynman diagram of T2-2-
1 before the electroweak symmetry breaking to obtain the effective interaction vertex with five
external legs, the predictions for the neutrino masses follows immediately after the Higgs field H
acquires vacuum expectation value. Since the momentum of the external lines (`L, νR and H) are
irrelevant to the neutrino masses, we can set them to be zero, and then the loop integral would be
greatly simplified. Eventually we find the expression for the neutrino mass matrix is given as
(mν)αβ/〈H〉3 = −
Mψj
MΨi
λ(yL)αiyij(yR)jβI3
(
Mφ,Mϕ,Mψj
)
, (6)
where the function I3 is given by Eq. (9). Nine distinct loop integrals I2,3,4,5, J3,4,5 and K4,5 are
needed when evaluating the one-loop Feynman diagrams in this work, their explicit forms are
collected in Appendix B. For all other possible one-loop models, we can follow the same procedure
to write down the Lagrange of the model and extract the resulting predictions for neutrino masses.
3 Possible schemes to forbid lower order contributions
If the effective dimension six operator `LH˜νR
(
H†H
)
arising from one-loop Feynman diagram is
the leading order contribution to the neutrino masses, it is necessary to ensure that the lower
order contributions are absent. For instance, both the tree level realizations in table 1 and the Ma
diagrams in table 2 should be forbidden. Moreover, one should prevent the tree-level term generated
by the renormalizable Yukawa interaction `LH˜νR in radiative Dirac neutrino mass models [23,33].
In general a symmetry is needed to avoid the appearance of the above mentioned lower order
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contributions. In the following, we shall present two possible strategies to deal with this issue: the
first scheme is the soft breaking abelian symmetry [33] and the second one is the finite non-abelian
symmetry.
In order to illustrate this idea, we take the diagram T9-2 as an example, which is shown in
figure 3. We see that five messenger fields are needed and they transform under the SM gauge
symmetry as ψ ∼ 1Fα , ϕ, ρ ∼ 1Sα and φ,Φ ∼ 2Sα+1. Comparing with the field content of the Ma
model E1-1-A shown in table 2, we can identify ψM ∼ ψ, φM ∼ ϕ(or ρ) and ϕM ∼ φ(or Φ) where
the subscript “M” indicates the fields in the Ma model. This means that the diagram E1-1-A is
always present for any value of α in the T9-2 model. As a consequence, the diagram T9-2 only gives
a subleading contribution to the neutrino masses with respect to E1-1-A. Tree level diagrams can
also appear in T9-2 model. For example, when α = −2, φ∗,Φ∗ ∼ 2S1 can be used as the mediator
of F1-1-1-A. Similarly we see that the tree level diagrams F1-1-1-A, F2-1-2-A, and F2-3-2-A can
not be avoided for the case of α = 0.
νR
lL
H
H
H
ψ
φ
ϕ
Φ
ρ
νR ℓL
H
νR
ℓL
H
H
H
φ′
νR
ℓL
H
H
H
φ′′
ϕ′′
νR
ℓL
H
H
H
ψ′′′
φ′′′
νR ψM ℓL
φM ϕM
H
a
n
y
α
α = −2, 0
α
=
0 α
=
0
any
α
T0
F1-1-1-A
F2-1-2-A F2-3-2-A
E1-1-A
T9-2
Figure 3: Five possible lower order diagrams which are present in the model based on the pentagon
diagram T9-2.
If we require that the neutrino masses dominantly arise from the diagram T9-2, the above
mentioned five diagrams T0, E1-1-A, F1-1-1-A, F2-1-2-A, and F2-3-2-A should be absent. These
five lower order contributions can really be avoided by introducing a soft breaking Z3 symmetry.
The lepton doublet `L, right-handed neutrino νR and Higgs field H are assigned to transform
as `L → ω`L, νR → ωνR and H → ωH, where ω = ei2pi/3 is the cube root of unit. Thus the
renormalizable coupling `LH˜νR as well as the tree level diagram T0 would be excluded. Because
the combination (H†H) is a singlet under Z3, all the effective Dirac neutrino mass operators shown
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in Eq. (2) would be forbidden as well if Z3 is an exact symmetry. This implies that the Z3 symmetry
should be broken. For simplicity, we assume that Z3 is softly broken at only one interaction vertex
of the T9-2 diagram. Then there are five types of Z3 charge assignments for the mediator fields,
as listed in table 3. The fields involved in the soft breaking vertex are indicated with the symbol
“N” as the superscript of the Z3 charges. We see that all tree level diagrams and Ma models are
forbidden for the assignment ψ,Φ ∼ 1, ρ ∼ ω and φ, ϕ ∼ ω2, unless more than one Z3 soft breaking
interactions are introduced.
T0 T9-2 E1-1-A
Fields `L νR H ψ φ ϕ Φ ρ ψM φM ϕM Viable
Gauge Sym. 2F−1 1F0 2S1 1Fα 2Sα+1 1Sα 2Sα+1 1Sα 1Fα 1Sα 2Sα+1
Z3 Sym. ω ω ω
1N 1N ω2 1 ω2 1N ω2 1N 7
1 ω2N ω
2 1 ω2N 1 ω
2
N ω
2
N 7
1 ω2 ω2 1N ωN 1 ωN 1N 3
1 ω2 ω2N ω
2
N ω 1 ω
2
N ω
2
N 7
1N ω2 ωN ω2 ω 1N ωN ω2 7
Table 3: Forbidding lower order contributions by using soft breaking Z3, where ω = e
i2pi/3. The
subscript “N” denotes that the corresponding fields are involved in the Z3 soft breaking vertex.
Besides soft breaking abelian symmetry, finite non-abelian symmetry can also help to forbid
the undesired diagrams which give a larger contribution to neutrino masses. In order to show this
scheme can really work, we shall apply the S4 symmetry group to the T3-6-2 model. As displayed
in figure 4, the T3-6-2 model contains five mediators ψ ∼ 1Fα , Ψ ∼ 3F−2, φ ∼ 1Sα, ϕ ∼ 3Sα+2 and
Φ ∼ 3S−2 such that the tree diagrams T0 and F2-3-1-A always exist for any value of α, and a third
tree diagram F2-3-2-A appears for α = 0.
νR
lL
H
H
H
ψ
Ψ
φ
ϕ
Φ
νR ℓL
H
νR
ℓL
H
H
H
ψ′
φ′
νR
ℓL
H
H
H
ψ′′
φ′′
a
n
y
α
any α α = 0
T3-6-2
T0
F2-3-1-A F2-3-2-A
Figure 4: Three possible lower order diagrams allowed in the T3-6-2 model.
The S4 group has been extensively used to predict lepton flavor mixing angles and CP violation
phases [37–41]. S4 is the permutation group of four distinct objects, and it is isomorphic to the
symmetry group of a regular octahedron. The S4 group has five irreducible representations: two
singlets 1 and 1′, one doublet 2 and two triplets 3 and 3′ [37–41]. The Kronecker products between
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these irreducible representations are as follows,
1⊗R = R⊗ 1 = R, 1′ ⊗ 1′ = 1, 1′ ⊗ 2 = 2, 1′ ⊗ 3 = 3′, 1′ ⊗ 3′ = 3,
2⊗ 2 = 1⊕ 1′ ⊕ 2, 2⊗ 3 = 2⊗ 3′ = 3⊕ 3′,
3⊗ 3 = 3′ ⊗ 3′ = 1⊕ 2⊕ 3⊕ 3′, 3⊗ 3′ = 1′ ⊕ 2⊕ 3⊕ 3′ , (7)
where R stands for any representation. We assign the three generations of left-handed lepton
doublets `L and right-handed neutrinos νR to two triplets 3 and 3
′ respectively, and the Higgs field
H transforms as 1. The transformation properties of the mediators under S4 are shown in table 4.
Obviously S4 prevents the direct Yukawa coupling T0. For the tree diagram F2-3-1-A, the field ψ
′
is uniquely identified with Ψ, while φ′ can be identified with Φ∗ irrespective of α value or ϕ when
α = 0. For the former case, the vertex involving ψ′, φ′ and νR would break the S4 symmetry, and
for the latter case, the vertex involving φ′ and H would break the S4 symmetry. As a result, the tree
diagram F2-3-1-A is forbidden. Regarding the decomposition into F2-3-2-A in case of α = 0, ψ′′
and φ′′ should transform in the same way as ψ and φ respectively. Then both interaction vertices
H†Hφ′′ and ¯`LH˜ψ′′ in the diagram F2-3-2-A would be forbidden by S4 although they are invariant
under the SM gauge symmetry. Therefore the Feynman diagram T3-6-2 would give the leading
contribution to neutrino masses after the S4 symmetry is imposed .
T0 T3-6-2 F2-3-1-A F2-3-2-A
Fields `L νR H ψ Ψ φ ϕ Φ ψ
′ φ′ ψ′′ φ′′
Gauge Sym. 2F−1 1F0 2S1 1Fα 3F−2 1Sα 3Sα+2 3S−2 3F−2 3S2 1F0 1S0
S4 Sym. 3 3
′ 1 3′ 3 3 3 1 3 1 (or 3) 3′ 3
Table 4: Forbidding lower order contributions by using non-abelian symmetry S4. Here we list
the transformation properties of the mediator fields under S4.
4 Dark matter candidates
In above neutrino models, the new messenger fields could possibly be identified as dark matter
particles such that neutrino masses and dark matter can be accounted for in a single model. This
attractive idea is firstly proposed in Ref. [35]. A comprehensive analysis of one-loop Majorana
neutrino mass models with viable dark matter candidates has been performed in [19]. Some models
connecting Dirac neutrino masses to dark matter have been proposed [30,31,42,43]. In the following,
we shall investigate under what conditions the above one-loop model for Dirac neutrino masses can
accommodate the dark matter.
It is universally recognized that the dark matter candidate should be stable, colorless and not
charged with electricity. In order to guarantee the stability of dark matter, generally an extra
symmetry is imposed to distinguish the dark matter particle from the SM ones. The discrete
Z2 symmetry is widely used in the radiative neutrino masses models which can account for dark
matter. We shall assume that any of the particles in the loop transforms as odd under the Z2 while
the SM particles and other mediator fields are even under the Z2. As a consequence, only the fields
mediating the loop could be dark matter candidates. For example, for the model T2-2-1, the Z2
parity of the internal messengers ψ, φ and ϕ are odd, yet the Z2 parity of Ψ as well as SM fields
is even. Notice that this dark matter Z2 parity can also help to forbid the contributions from the
tree level diagrams and Ma diagrams.
The existence of electrically neutral particle in the spectrum is an important restriction. Solving
the condition Q = T3 + Y/2 = 0, we arrive at Y = −2T3. That is to say only the component
satisfying Y = −2T3 inside a multiplet could be the dark matter candidate. As regards the
concerned one-loop models for Dirac neutrino masses, the condition Y = −2T3 would fixes the
parameter α to be few discrete values. This point can be clearly seen from the tables 6 – 8 in
Appendix A. Each such value of α would define a different model with a given field content.
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Dark matter direct detection plays a significant role in our analysis, because the direct coupling
between the dark particle and Z boson is proportional to the hypercharge Y . Consequently the
dark matter particle can elastically scatter with nuclei through Z boson exchange diagram. The
resulting spin-independent cross section would be several order of magnitude larger than current
bounds from LUX [44] and XENON1T [45], if the hypercharge Y is nonzero. Taking into account
the electrically neutral condition further, we obtain that the dark matter particle must satisfy
Y = T3 = 0. This requirement excludes multiplets with even number of fields (i.e., doublets or
quartets etc.), and the dark matter candidates can only be singlet or triplet scalars and fermions
with zero hypercharge. An exception is the case of the scalar doublet with hypercharge Y = ±1.
The scalar potential of the model allows to have a mass splitting between the scalar and pseudo-
scalar neutral states. The lighter one can be the dark matter candidate and its scattering off a
nucleus via Z-mediated diagrams can be kinematically forbidden in the case that its kinetic energy
is less than the mass difference of the scalar and pseudo-scalar fields [46–49].
Now let us take the model T2-2-1-A as an example to illustrate whether this model can account
for the dark matter and under what conditions. This model needs four messenger fields: two SU(2)
singlets ψ ∼ 1Fα , φ ∼ 1Sα and two triplets Ψ ∼ 3F−2, ϕ ∼ 3Sα+2. We find that three different values
of α can lead to a neutral particle in the spectrum.
• α = 0: ψ00, Ψ−2 = (Ψ0,Ψ−,Ψ−−), φ00, ϕ2 = (ϕ++, ϕ+, ϕ0)
In this case the dark matter candidate is a mixture of the neutral components from the
singlet and triplet scalars or a mixed singlet-triplet fermion. Note that the spectrum contains
a doubly charged fermion Ψ−−, and it leads to background-free signals which can be searched
for at the LHC. Both fermion fields ψ00 and Ψ−2 should be vector-like to ensure the anomaly
cancellation.
• α = −2: ψ−−2, Ψ−2 = (Ψ0,Ψ−,Ψ−−), φ−−2, ϕ0 = (ϕ+, ϕ0, ϕ−)
This model allows for a triplet scalar dark matter, and fermion dark matter is excluded by
direct detection bounds. The anomaly cancellation requires that both fermions ψ−−2 and Ψ−2
must be vector-like.
• α = −4: ψ−−4, Ψ−2 = (Ψ0,Ψ−,Ψ−−), φ−−4, ϕ−2 = (ϕ0, ϕ−, ϕ−−)
The neutral particles belong to scalar and fermion triplets with non-zero hypercharge such
that the condition Y = T3 = 0 can not be fulfilled. Therefore this possibility is not consistent
with dark matter.
In the same fashion the possible dark matter candidates can be studied for the other viable
radiative neutrino mass models, the corresponding results are listed in the last column of the
tables 6 – 8. We see that in most cases the values of the parameter α consistent with dark matter are
excluded by the requirement that lower order contributions (tree level diagrams and Ma diagrams)
should disappear in a given model. However, if we take into account the dark matter Z2 symmetry,
almost all values of α excluded by the lower order neutrino masses are admissible, and these
numbers are shadowed in grey. As a result, neutrino masses and dark matter can be simultaneously
accommodated in these models. We would like to point out that the T2-2-1-A model with α = −2
is quite interesting, the dark matter is the neutral component of the triplet scalar ϕ ∼ 3S0 , and the
lower order contributions to neutrino masses don’t exist even if without Z2 symmetry. Notice that
the number of additional fields can be reduced for the values of α consistent with dark matter. For
example, for the model T2-2-1-B with α = −1, the dark matter particles can be the mixture of the
neutral components of φ and ϕ. Moreover, since both ϕ and φ∗ transform as ∼ 2S1 , and they are
odd under Z2, consequently they can be identified as the same field. If a pair of mediators up to
charge conjugation transform in the same way under the SM gauge symmetry and carry the same
dark matter Z2 parity, the symbol “” would be denoted on the superscript and the corresponding
values of α is labelled as the subscript outside the square bracket. The smaller the number of
messengers the simpler the model is. We see that at least three additional multiplets are needed
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in the present models for neutrino masses and dark matter, and there are only 12 models which
contain three new fields, as summarized in table 5. These models are good starting points to further
discuss the neutrino, dark matter and collider phenomenology in detail.
Model α
Dark matter
Additional fields
Fermionic Scalar
T2-2-1-C −1 — φ(ϕ) ∼ 2S−1 ψ ∼ 2F−1, Ψ ∼ 3F−2
T2-2-2-A 0 ψ ∼ 1F0 φ(ϕ) ∼ 1S0 Ψ ∼ 1F0
T2-2-2-C
−1 — φ(ϕ) ∼ 2S−1 ψ ∼ 2F−1, Ψ ∼ 1F0
1 — φ(ϕ) ∼ 2S1 ψ ∼ 2F1 , Ψ ∼ 1F0
T2-2-2-D
−1 — φ(ϕ) ∼ 2S−1 ψ ∼ 2F−1, Ψ ∼ 3F0
1 — φ(ϕ) ∼ 2S1 ψ ∼ 2F1 , Ψ ∼ 3F0
T2-2-2-E 0 ψ ∼ 3F0 φ(ϕ) ∼ 3S0 Ψ ∼ 1F0
T2-2-2-G 0 ψ ∼ 3F0 φ(ϕ) ∼ 3S0 Ψ ∼ 3F0
T2-2-3-A −1 ψ ∼ 1F0 φ(ϕ) ∼ 2S1 Ψ ∼ 2F1
T2-2-3-E −1 ψ ∼ 3F0 φ(ϕ) ∼ 2S1 Ψ ∼ 2F1
T2-2-4-A
−1 — φ(ϕ) ∼ 2S−1 ψ ∼ 1F−2, Ψ ∼ 2F−1
1 ψ ∼ 1F0 φ(ϕ) ∼ 2S1 Ψ ∼ 2F−1
T2-2-4-B 0 — φ(ϕ) ∼ 1S0 ψ ∼ 2F−1, Ψ ∼ 2F−1
T2-2-4-E 0 — φ(ϕ) ∼ 3S0 ψ ∼ 2F−1, Ψ ∼ 2F−1
T2-2-4-F
−1 — φ(ϕ) ∼ 2S−1 ψ ∼ 3F−2, Ψ ∼ 2F−1
1 ψ ∼ 3F0 φ(ϕ) ∼ 2S1 Ψ ∼ 2F−1
Table 5: The models that contain three different mediator fields with dark matter candidates.
5 Summary and conclusions
Massive neutrinos is a well established experimental evidence for physics beyond SM, and the origin
of tiny neutrino masses is a great puzzle of particle physics. The signal of neutrinoless double
beta decay has not been observed so far, consequently neutrinos can be either Majorana or Dirac
particles. Under the assumptions of Majorana neutrinos, the smallness of neutrino masses can be
nicely explained through seesaw mechanism or can be radiatively generated. Both approaches have
been extensively studied in the literature. For the case of Dirac neutrinos, the neutrino masses can
be generated via the Dirac seesaw mechanism or generated through loop diagram.
One-loop realizations for the dimension four Dirac mass operator has been recently studied
in [33,34]. In the present work, we have systematically investigated the dimension six Dirac neutrino
mass models at both tree level and one-loop level. We have identified all possible tree level and
one-loop topologies. We find 13 one-loop diagrams in which both the tree diagrams in table 1 and
Ma model can be avoided for certain quantum numbers of the mediators. We have listed the new
messenger fields and their transformation rules under the SM gauge symmetry, which are assumed
to be scalars or fermions transforming as singlets, doublets or triplets of SU(2). Moreover, we have
presented the prediction for the neutrino mass matrix for each possible model. All these results
are collected in tables 6 – 8. In order to ensure that the neutrino masses dominantly arise from
the one-loop diagrams for the effective dimension six operator `LH˜νR
(
H†H
)
, one has to forbid
the lower order contributions, in particular the direct Yukawa coupling `LH˜νR should disappear.
We show that soft breaking abelian symmetry and finite non-abelian group can help to avoid the
lower order neutrino masses. Note that the finite non-abelian group can also be used to explain
the observed pattern of lepton mixing.
Another attractive feature of the radiative neutrino mass model is that the internal messengers
in the loop could be dark matter candidates. Taking into account the current bounds from direct
detection experiments, the dark matter particle can be either scalar or fermion singlet and triplet
with zero hypercharge, or a scalar doublet with Y = ±1. For each viable model we have discussed
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the possible dark matter candidate and accordingly the parameter α is fixed to few discrete values.
The results in tables 6 – 8 provide new interesting opportunity for building models which can ac-
commodate neutrino masses and dark matter simultaneously. In this work, we have presented the
particle content and the dark matter candidates of each model. It is interesting to further perform
detailed phenomenology study for some of these models, this will be left for future work.
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T3-1 T3-3 T3-5 T4-1
T6-1 T6-3 T6-5 T6-7
T6-9 T8-1 T11-1 T12-1
T12-2 T13-1 T13-2 T15-1
T15-2 T16-1
Figure 5: Divergent one-loop Feynman diagrams for the dimension six operator `LH˜νR
(
H†H
)
.
The dashed lines denote always scalars, and the solid lines denote fermions.
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T2-1 T3-2 T3-4 T4-2
T5-1 T5-2 T6-2 T6-4
T6-6 T6-8 T6-10 T7-1
T7-2 T8-2 T8-6 T8-7
T8-8 T8-9 T9-1 T9-2
T9-3 T9-4
Figure 6: Finite one-loop diagrams of the neutrino mass operator `LH˜νR
(
H†H
)
, for which either
the tree level realizations in table 1 or the one-loop diagrams in table 2 are always present if no
additional symmetry is introduced. The dashed lines denote scalars, and the solid lines denote
fermions.
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A Field assignments, neutrino masses and dark matter candidates
In this appendix, we show the 16 finite and irreducible diagrams which are not accompanied by the
lower order tree level contributions in table 1 and Ma diagrams for certain quantum numbers of
the mediators. These diagrams are generated from the topologies T2, T3 and T8 shown in figure 1.
We present the possible quantum number assignments for the mediators and the predictions for
the neutrino masses, where the mediator fields are assumed to transform as singlets, doublets
or triplets under SU(2). If we require the neutrino masses dominantly arise from the following
one-loop diagrams, both the tree level diagrams in table 1 and Ma diagrams in table 2 should be
avoided such that certain values of α are excluded. Moreover, we give the possible dark matter
candidates and the corresponding values of α which are shown as subscript outside the square
bracket. The dark matter particles are neutral components of the messengers in the loop. The Z2
symmetry stabilizing dark matter can also help to forbid the tree level and Ma diagrams. As a
consequence, many values of α excluded by lower order tree and Ma diagrams are allowed after the
Z2 symmetry is taken into account, and all these numbers are shadowed in grey in the following
tables. Therefore we conclude that these one-loop models can simultaneously explain neutrino
masses and accommodate dark matter.
νR
ℓL
H
H
H
ψ
Ψ
φ
ϕ
yR
yL
y
λ
ψ Ψ φ ϕ
Excluded α
Dark Matter
Tree Ma
A 1Fα 3
F−2 1Sα 3Sα+2 {−4, 0} ∅ [ϕ]−2, [ψ, φ, ϕ]0
B 2Fα 3
F−2 2Sα 2Sα+2 {−3, ±1} {±3, ±1} [ϕ]−3, [φ, ϕ]−1, [φ]1
C 3Fα 3
F−2 3Sα 1Sα+2 {±2, 0} ∅ [φ, ϕ]−2, [ψ, φ]0
T2-2-1 D 3Fα 3
F−2 3Sα 3Sα+2
{−4, ±2,
0} ∅ [φ, ϕ]−2, [ψ, φ, ϕ]0
(mν)αβ/〈H〉3 =
Mψj
MΨi
λyLαiyijyRjβI3
(
Mφ,Mϕ,Mψj
)
νR
ℓL
H
H
H
ψ
Ψ
φ
ϕ
yR
yL
y
λ
ψ Ψ φ ϕ
Excluded α
Dark Matter
Tree Ma
A 1Fα 1
F
0 1
S
α 1
S
α {0} ∅ [ψ, φ, ϕ]0
B 1Fα 3
F
0 1
S
α 3
S
α {0} ∅ [ψ, φ, ϕ]0
C 2Fα 1
F
0 2
S
α 2
S
α {±1} {±1} [φ, ϕ]−1, [φ, ϕ]1
D 2Fα 3
F
0 2
S
α 2
S
α {±1} {±1} [φ, ϕ]−1, [φ, ϕ]1
E 3Fα 1
F
0 3
S
α 3
S
α {±2, 0} ∅ [ψ, φ, ϕ]0
F 3Fα 3
F
0 3
S
α 1
S
α {±2, 0} ∅ [ψ, φ, ϕ]0
T2-2-2 G 3Fα 3
F
0 3
S
α 3
S
α {±2, 0} ∅ [ψ, φ, ϕ]0
(mν)αβ/〈H〉3 =
Mψj
MΨi
λyLαiyijyRjβI3
(
Mφ,Mϕ,Mψj
)
ℓL
νR
H
H
H
ψ
Ψ
φ
ϕ
yL
yR
y
λ
ψ Ψ φ ϕ
Excluded α
Dark Matter
Tree Ma
A 1Fα+1 2
F
1 2
S
α+2 2
S
α {−3, ±1} {−3, ±1}
[φ]−3, [ψ, φ, ϕ]−1,
[ϕ]1
B 2Fα+1 2
F
1 1
S
α+2 3
S
α {±2, 0} ∅ [φ, ϕ]−2, [ϕ]0
C 2Fα+1 2
F
1 3
S
α+2 1
S
α
{−4, −2,
0} ∅ [φ]−2, [φ, ϕ]0
D 2Fα+1 2
F
1 3
S
α+2 3
S
α
{−4, ±2,
0} ∅ [φ, ϕ]−2, [φ, ϕ]0
T2-2-3 E 3Fα+1 2
F
1 2
S
α+2 2
S
α {−3, ±1} {−3, ±1}
[φ]−3, [ψ, φ, ϕ]−1,
[ϕ]1
Table 6: (continued)
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(mν)αβ/〈H〉3 = MψiMΨj λyLαiyijyRjβI3 (Mφ,Mϕ,Mψi)
ℓL
νR
H
H
H
ψ
Ψ
φ
ϕ
yL
yR
y
λ
ψ Ψ φ ϕ
Excluded α
Dark Matter
Tree Ma
A 1Fα−1 2F−1 2Sα 2Sα {±1} {±1} [φ, ϕ]−1, [ψ, φ, ϕ]1
B 2Fα−1 2F−1 1Sα 1Sα {0} ∅ [φ, ϕ]0
C 2Fα−1 2F−1 1Sα 3Sα {±2, 0} ∅ [φ, ϕ]0
D 2Fα−1 2F−1 3Sα 1Sα {±2, 0} ∅ [φ, ϕ]0
E 2Fα−1 2F−1 3Sα 3Sα {±2, 0} ∅ [φ, ϕ]0
T2-2-4 F 3Fα−1 2F−1 2Sα 2Sα {±1, 3} {±1} [φ, ϕ]−1, [ψ, φ, ϕ]1
(mν)αβ/〈H〉3 = MψiMΨj λyLαiyijyRjβI3 (Mφ,Mϕ,Mψi)
Table 6: The finite diagrams generated from the topology T2. We list the possible quantum number
assignments for the mediators, the expressions for the neutrino mass matrix, and the dark matter
candidates. We also display the values of α excluded from the appearance of tree level and Ma
diagrams, where ∅ and U denote empty set and universal set respectively.
νR
ℓL
H
H
H
ψ
Ψ
φ
ϕ
ΦyR
yL
y
µ′ µ
ψ Ψ φ ϕ Φ
Excluded α
Dark Matter
Tree Ma
A 1Fα 1
F
0 1
S
α 1
S
α 1
S
0 U ∅ [ψ, φ, ϕ]0
B 1Fα 3
F
0 1
S
α 3
S
α 3
S
0 U ∅ [ψ, φ, ϕ]0
C 2Fα 1
F
0 2
S
α 2
S
α 1
S
0 U {±1} [φ, ϕ]−1, [φ, ϕ]1
D 2Fα 1
F
0 2
S
α 2
S
α 3
S
0 {±1} {±1} [φ, ϕ]−1, [φ, ϕ]1
E 2Fα 3
F
0 2
S
α 2
S
α 1
S
0 {±1} {±1} [φ, ϕ]−1, [φ, ϕ]1
F 2Fα 3
F
0 2
S
α 2
S
α 3
S
0 U {±1} [φ, ϕ]−1, [φ, ϕ]1
G 3Fα 1
F
0 3
S
α 3
S
α 1
S
0 U ∅ [ψ, φ, ϕ]0
H 3Fα 1
F
0 3
S
α 3
S
α 3
S
0 {±2, 0} ∅ [ψ, φ, ϕ]0
I 3Fα 3
F
0 3
S
α 1
S
α 3
S
0 U ∅ [ψ, φ, ϕ]0
J 3Fα 3
F
0 3
S
α 3
S
α 1
S
0 {±2, 0} ∅ [ψ, φ, ϕ]0
T3-6-1 K 3Fα 3
F
0 3
S
α 3
S
α 3
S
0 U ∅ [ψ, φ, ϕ]0
(mν)αβ/〈H〉3 =
Mψj
M2ΦMΨi
µµ′yLαiyijyRjβI3
(
Mφ,Mϕ,Mψj
)
Table 7: The finite diagrams generated from the topology T3. We list the possible quantum number
assignments for the mediators, the expressions for the neutrino mass matrix, and the dark matter
candidates. We also display the values of α excluded from the appearance of tree level and Ma
diagrams, where ∅ and U denote empty set and universal set respectively.
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νR
H
H
H
ℓL
ψ
ϕ
ψ′
Ψφ
yR
µ
y
yL
y′
ψ Ψ ψ′ φ ϕ Excluded α Dark Matter
Tree Ma
A 2F−1 1Fα 2Fα−1 1Sα 2Sα+1 {−2, 0} U [ϕ]−2, [Ψ, ψ′, φ, ϕ]0
B 2F−1 1Fα 2Fα−1 3Sα 2Sα+1 {±2, 0} {−2, 0}
[φ, ϕ]−2,
[Ψ, ψ′, φ, ϕ]0
C 2F−1 2Fα 1Fα−1 2Sα 1Sα+1 {±1} U [φ, ϕ]−1, [Ψ, ψ′, φ]1
D 2F−1 2Fα 1Fα−1 2Sα 3Sα+1 {−3, ±1} U
[φ, ϕ]−1,
[Ψ, ψ′, φ, ϕ]1
E 2F−1 2Fα 3Fα−1 2Sα 1Sα+1 {±1, 3} U [φ, ϕ]−1, [Ψ, ψ′, φ]1
F 2F−1 2Fα 3Fα−1 2Sα 3Sα+1 {±3, ±1} U
[φ, ϕ]−1,
[Ψ, ψ′, φ, ϕ]1
T8-3-1 G 2F−1 3Fα 2Fα−1 1Sα 2Sα+1 {±2, 0} {−2, 0} [ϕ]−2, [Ψ, ψ′, φ, ϕ]0
H 2F−1 3Fα 2Fα−1 3Sα 2Sα+1 {±2, 0} U
[φ, ϕ]−2,
[Ψ, ψ′, φ, ϕ]0
(mν)αβ/〈H〉3 = − µMψk yLαiy
′
ijyjkyRkβ
[
MΨiMψ′jI4
(
Mφ,Mϕ,MΨi ,Mψ′j
)
+ J4
(
Mφ,Mϕ,MΨi ,Mψ′j
)]
νR
H
H
H
ℓL
ψ
ϕ
ψ′
Ψφ
yR
µ
y
yL
y′
ψ Ψ ψ′ φ ϕ Excluded α Dark Matter
Tree Ma
A 2F−1 1Fα−1 2Fα 1Sα+1 2Sα {±1} U [φ, ϕ]−1, [Ψ, ψ′, ϕ]1
B 2F−1 1Fα−1 2Fα 3Sα+1 2Sα {−3, ±1} U
[φ, ϕ]−1,
[Ψ, ψ′, φ, ϕ]1
C 2F−1 2Fα−1 1Fα 2Sα+1 1Sα {−2, 0} U [φ]−2, [Ψ, ψ′, φ, ϕ]0
D 2F−1 2Fα−1 1Fα 2Sα+1 3Sα {±2, 0} {−2, 0}
[φ, ϕ]−2,
[Ψ, ψ′, φ, ϕ]0
E 2F−1 2Fα−1 3Fα 2Sα+1 1Sα {±2, 0} {−2, 0} [φ]−2, [Ψ, ψ′, φ, ϕ]0
F 2F−1 2Fα−1 3Fα 2Sα+1 3Sα {±2, 0} U
[φ, ϕ]−2,
[Ψ, ψ′, φ, ϕ]0
T8-3-2 G 2F−1 3Fα−1 2Fα 1Sα+1 2Sα {±1, 3} U [φ, ϕ]−1, [Ψ, ψ′, ϕ]1
H 2F−1 3Fα−1 2Fα 3Sα+1 2Sα {±3, ±1} U
[φ, ϕ]−1,
[Ψ, ψ′, φ, ϕ]1
(mν)αβ/〈H〉3 = − µMψk yLαiy
′
ijyjkyRkβ
[
MΨiMψ′jI4
(
Mφ,Mϕ,MΨi ,Mψ′j
)
+ J4
(
Mφ,Mϕ,MΨi ,Mψ′j
)]
νR
ℓL
H
H
H
ψ
Ψ
ψ′
Ψ′φ
yR
yL
y
y′
y′′
ψ Ψ ψ′ Ψ′ φ Excluded α Dark Matter
Tree Ma
A 2F1 1
F
α−1 1Fα+1 2Fα 2Sα {±1} U
[ψ′,Ψ′, φ]−1,
[Ψ,Ψ′, φ]1
B 2F1 1
F
α−1 3Fα+1 2Fα 2Sα {−3, ±1} U
[ψ′,Ψ′, φ]−1,
[Ψ, ψ′,Ψ′, φ]1
C 2F1 2
F
α−1 2Fα+1 1Fα 1Sα {0} U [Ψ, ψ′,Ψ′, φ]0
D 2F1 2
F
α−1 2Fα+1 1Fα 3Sα {±2, 0} ∅ [Ψ, ψ′,Ψ′, φ]0
E 2F1 2
F
α−1 2Fα+1 3Fα 1Sα {±2, 0} ∅ [Ψ, ψ′,Ψ′, φ]0
F 2F1 2
F
α−1 2Fα+1 3Fα 3Sα {±2, 0} U [Ψ, ψ′,Ψ′, φ]0
T8-4-1 G 2F1 3
F
α−1 1Fα+1 2Fα 2Sα {±1, 3} U
[Ψ, ψ′,Ψ′, φ]−1,
[Ψ,Ψ′, φ]1
H 2F1 3
F
α−1 3Fα+1 2Fα 2Sα {±3, ±1} U
[Ψ, ψ′,Ψ′, φ]−1,
[Ψ, ψ′,Ψ′, φ]1
(mν)αβ/〈H〉3 = −yLαiy
′
ijy
′′
jkyklyRlβ
Mψl
[
MΨiMΨ′jMψ′kI4
(
Mφ,MΨi ,Mψ′k ,MΨ
′
j
)
+
(
MΨi +MΨ′j +Mψ′k
)
J4
(
Mφ,MΨi ,Mψ′k ,MΨ
′
j
)]
Table 8: (continued)
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νR
ℓL
H
H
H
ψ
Ψ
ψ′
Ψ′φ
yR
yL
y
y′
y′′
ψ Ψ ψ′ Ψ′ φ Excluded α Dark Matter
Tree Ma
A 2F−1 1Fα 1Fα 2Fα+1 2Sα+1 {−2, 0} U
[φ]−2,
[Ψ, ψ′,Ψ′, φ]0
B 2F−1 1Fα 3Fα 2Fα+1 2Sα+1 {±2, 0} U
[φ]−2,
[Ψ, ψ′,Ψ′, φ]0
C 2F−1 2Fα 2Fα 1Fα+1 1Sα+1 {−1} U [Ψ, ψ′,Ψ′, φ]−1
D 2F−1 2Fα 2Fα 1Fα+1 3Sα+1 {−3, ±1} ∅ [Ψ, ψ′,Ψ′, φ]−1
E 2F−1 2Fα 2Fα 3Fα+1 1Sα+1 {−3, ±1} ∅ [Ψ, ψ′,Ψ′, φ]−1
F 2F−1 2Fα 2Fα 3Fα+1 3Sα+1 {−3, ±1} U [Ψ, ψ′,Ψ′, φ]−1
T8-4-2 G 2F−1 3Fα 1Fα 2Fα+1 2Sα+1 {±2, 0} U
[φ]−2,
[Ψ, ψ′,Ψ′, φ]0
H 2F−1 3Fα 3Fα 2Fα+1 2Sα+1 {±2, 0} U
[φ]−2,
[Ψ, ψ′,Ψ′, φ]0
(mν)αβ/〈H〉3 = −yLαiy
′
ijy
′′
jkyklyRlβ
Mψl
[
MΨiMΨ′jMψ′kI4
(
Mφ,MΨi ,Mψ′k ,MΨ
′
j
)
+
(
MΨi +MΨ′j +Mψ′k
)
J4
(
Mφ,MΨi ,Mψ′k ,MΨ
′
j
)]
νR
ℓL
H
H
H
ψ
Ψ
ψ′
Ψ′φ
yR
yL
y
y′
y′′
ψ Ψ ψ′ Ψ′ φ Excluded α Dark Matter
Tree Ma
A 2F−1 1Fα 1Fα 2Fα−1 2Sα+1 {−2, 0} {−2, 0}
[φ]−2,
[Ψ, ψ′,Ψ′, φ]0
B 2F−1 1Fα 3Fα 2Fα−1 2Sα+1 {±2, 0} {−2, 0}
[φ]−2,
[Ψ, ψ′,Ψ′, φ]0
C 2F−1 2Fα 2Fα 1Fα−1 1Sα+1 {±1} {0} [φ]−1, [Ψ, ψ′,Ψ′]1
D 2F−1 2Fα 2Fα 1Fα−1 3Sα+1 {−3, ±1} ∅ [φ]−1, [Ψ, ψ′,Ψ′]1
E 2F−1 2Fα 2Fα 3Fα−1 1Sα+1 {±1, 3} ∅ [φ]−1, [Ψ, ψ′,Ψ′]1
F 2F−1 2Fα 2Fα 3Fα−1 3Sα+1 {±3, ±1} {0} [φ]−1, [Ψ, ψ′,Ψ′]1
T8-4-3 G 2F−1 3Fα 1Fα 2Fα−1 2Sα+1 {±2, 0} {−2, 0}
[φ]−2,
[Ψ, ψ′,Ψ′, φ]0
H 2F−1 3Fα 3Fα 2Fα−1 2Sα+1 {±2, 0} {−2, 0}
[φ]−2,
[Ψ, ψ′,Ψ′, φ]0
(mν)αβ/〈H〉3 = −yLαiy
′
ijy
′′
jkyklyRlβ
Mψl
[
MΨiMΨ′jMψ′kI4
(
Mφ,MΨi ,Mψ′k ,MΨ
′
j
)
+
(
MΨi +MΨ′j +Mψ′k
)
J4
(
Mφ,MΨi ,Mψ′k ,MΨ
′
j
)]
νR
ℓL
H
H
H
ψ
Ψ
φ
ϕ
Φ
yR
yL
y
µ
µ′
ψ Ψ φ ϕ Φ
Excluded α
Dark Matter
Tree Ma
A 2F1 1
F
α 2
S
α+1 2
S
α−1 1Sα {±2, 0} U
[φ]−2, [Ψ, φ, ϕ,Φ]0,
[ϕ]2
B 2F1 1
F
α 2
S
α+1 2
S
α−1 3Sα {±2, 0} {±2, 0}
[φ,Φ]−2,
[Ψ, φ, ϕ,Φ]0,
[ϕ,Φ]2
C 2F1 2
F
α 1
S
α+1 1
S
α−1 2Sα {±1} U [φ,Φ]−1, [ϕ,Φ]1
D 2F1 2
F
α 1
S
α+1 3
S
α−1 2Sα {±1, 3} U [φ, ϕ,Φ]−1, [ϕ,Φ]1
E 2F1 2
F
α 3
S
α+1 1
S
α−1 2Sα {−3, ±1} U [φ,Φ]−1, [φ, ϕ,Φ]1
F 2F1 2
F
α 3
S
α+1 3
S
α−1 2Sα {±3, ±1} U
[φ, ϕ,Φ]−1,
[φ, ϕ,Φ]1
T8-5-1 G 2F1 3
F
α 2
S
α+1 2
S
α−1 1Sα {±2, 0} {±2, 0}
[φ]−2, [Ψ, φ, ϕ,Φ]0,
[ϕ]2
H 2F1 3
F
α 2
S
α+1 2
S
α−1 3Sα {±2, 0} U
[φ,Φ]−2,
[Ψ, φ, ϕ,Φ]0,
[ϕ,Φ]2
Table 8: (continued)
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(mν)αβ/〈H〉3 = −MΨiMψj µµ
′yLαiyijyRjβI4 (Mφ,Mϕ,MΦ,MΨi)
νR
ℓL
H
H
H
ψ
Ψ
φ
ϕ
Φ
yR
yL
y
µ
µ′
ψ Ψ φ ϕ Φ
Excluded α
Dark Matter
Tree Ma
A 2F−1 1Fα 2Sα+1 2Sα+1 1Sα {−2, 0} U
[φ, ϕ]−2,
[Ψ, φ, ϕ,Φ]0
B 2F−1 1Fα 2Sα+1 2Sα+1 3Sα {±2, 0} {−2, 0}
[φ, ϕ,Φ]−2,
[Ψ, φ, ϕ,Φ]0
C 2F−1 2Fα 1Sα+1 1Sα+1 2Sα {±1} U [φ, ϕ,Φ]−1, [Φ]1
D 2F−1 2Fα 1Sα+1 3Sα+1 2Sα {−3, ±1} U [φ, ϕ,Φ]−1, [ϕ,Φ]1
E 2F−1 2Fα 3Sα+1 1Sα+1 2Sα {−3, ±1} U [φ, ϕ,Φ]−1, [φ,Φ]1
F 2F−1 2Fα 3Sα+1 3Sα+1 2Sα {−3, ±1} U
[φ, ϕ,Φ]−1,
[φ, ϕ,Φ]1
T8-5-2 G 2F−1 3Fα 2Sα+1 2Sα+1 1Sα {±2, 0} {−2, 0}
[φ, ϕ]−2,
[Ψ, φ, ϕ,Φ]0
H 2F−1 3Fα 2Sα+1 2Sα+1 3Sα {±2, 0} U
[φ, ϕ,Φ]−2,
[Ψ, φ, ϕ,Φ]0
(mν)αβ/〈H〉3 = −MΨiMψj µµ
′yLαiyijyRjβI4 (Mφ,Mϕ,MΦ,MΨi)
νR
ℓL
H
H
H
ψ
Ψ
φ
ϕ
Φ
yR
yL
y
µ
µ′
ψ Ψ φ ϕ Φ
Excluded α
Dark Matter
Tree Ma
A 2F−1 1Fα−1 2Sα 2Sα 1Sα+1 {±1} {±1, 0}
[φ, ϕ,Φ]−1,
[Ψ, φ, ϕ]1
B 2F−1 1Fα−1 2Sα 2Sα 3Sα+1 {−3, ±1} {±1}
[φ, ϕ,Φ]−1,
[Ψ, φ, ϕ,Φ]1
C 2F−1 2Fα−1 1Sα 1Sα 2Sα+1 {−2, 0} {−2, 0} [Φ]−2, [φ, ϕ,Φ]0
D 2F−1 2Fα−1 1Sα 3Sα 2Sα+1 {±2, 0} {−2, 0} [ϕ,Φ]−2, [φ, ϕ,Φ]0
E 2F−1 2Fα−1 3Sα 1Sα 2Sα+1 {±2, 0} {−2, 0} [φ,Φ]−2, [φ, ϕ,Φ]0
F 2F−1 2Fα−1 3Sα 3Sα 2Sα+1 {±2, 0} {−2, 0}
[φ, ϕ,Φ]−2,
[φ, ϕ,Φ]0
T8-5-3 G 2F−1 3Fα−1 2Sα 2Sα 1Sα+1 {±1, 3} {±1}
[φ, ϕ,Φ]−1,
[Ψ, φ, ϕ]1
H 2F−1 3Fα−1 2Sα 2Sα 3Sα+1 {±3, ±1} {±1, 0}
[φ, ϕ,Φ]−1,
[Ψ, φ, ϕ,Φ]1
(mν)αβ/〈H〉3 = −MΨiMψj µµ
′yLαiyijyRjβI4 (Mφ,Mϕ,MΦ,MΨi)
Table 8: The finite diagrams generated from the topology T8. We list the possible quantum number
assignments for the mediators, the expressions for the neutrino mass matrix, and the dark matter
candidates. We also display the values of α excluded from the appearance of tree level and Ma
diagrams, where ∅ and U denote empty set and universal set respectively.
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B Functions involved in neutrino masses
The integrals In, Jn and Kn appearing in the one-loop diagrams for Dirac neutrino masses are
defined as follows :
I2(MA,MB) ≡
∫
ddk
(2pi)di
1
(k2 −M2A)(k2 −M2B)
=
1
(4pi)2
2

− γE + 1 + ln(4pi)− lnM2B +
M2A ln(
M2B
M2A
)
M2A −M2B
 , (8)
I3(MA,MB,MC) ≡
∫
ddk
(2pi)di
1
(k2 −M2A)(k2 −M2B)(k2 −M2C)
=
1
(4pi)2
 M2A ln M2CM2A
(M2A −M2B)(M2A −M2C)
+
M2B ln
M2C
M2B
(M2B −M2A)(M2B −M2C)
 , (9)
I4(MA,MB,MC ,MD) ≡
∫
ddk
(2pi)di
1
(k2 −M2A)(k2 −M2B)(k2 −M2C)(k2 −M2D)
=
1
(4pi)2
 M2A ln M2DM2A
(M2A −M2B)(M2A −M2C)(M2A −M2D)
+
M2B ln
M2D
M2B
(M2B −M2A)(M2B −M2C)(M2B −M2D)
+
M2C ln
M2D
M2C
(M2C −M2A)(M2C −M2B)(M2C −M2D)
 ,
(10)
I5(MA,MB,MC ,MD,ME) ≡
∫
ddk
(2pi)di
1
(k2 −M2A)(k2 −M2B)(k2 −M2C)(k2 −M2D)(k2 −M2E)
=
1
(4pi)2
 M2A ln M2EM2A
(M2A −M2B)(M2A −M2C)(M2A −M2D)(M2A −M2E)
+
M2B ln
M2E
M2B
(M2B −M2A)(M2B −M2C)(M2B −M2D)(M2B −M2E)
+
M2C ln
M2E
M2C
(M2C −M2A)(M2C −M2B)(M2C −M2D)(M2C −M2E)
+
M2D ln
M2E
M2D
(M2D −M2A)(M2D −M2B)(M2D −M2C)(M2D −M2E)
 ,
(11)
J3(MA,MB,MC) ≡
∫
ddk
(2pi)di
k2
(k2 −M2A)(k2 −M2B)(k2 −M2C)
=
1
(4pi)2
[
2

− γE + 1 + ln(4pi)− lnM2C
+
M4A ln
M2C
M2A
(M2A −M2B)(M2A −M2C)
+
M4B ln
M2C
M2B
(M2B −M2A)(M2B −M2C)
 ,
(12)
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J4(MA,MB,MC ,MD) ≡
∫
ddk
(2pi)di
k2
(k2 −M2A)(k2 −M2B)(k2 −M2C)(k2 −M2D)
=
1
(4pi)2
 M4A ln M2DM2A
(M2A −M2B)(M2A −M2C)(M2A −M2D)
+
M4B ln
M2D
M2B
(M2B −M2A)(M2B −M2C)(M2B −M2D)
+
M4C ln
M2D
M2C
(M2C −M2A)(M2C −M2B)(M2C −M2D)
 ,
(13)
J5(MA,MB,MC ,MD,ME) ≡
∫
ddk
(2pi)di
k2
(k2 −M2A)(k2 −M2B)(k2 −M2C)(k2 −M2D)(k2 −M2E)
=
1
(4pi)2
 M4A ln M2EM2A
(M2A −M2B)(M2A −M2C)(M2A −M2D)(M2A −M2E)
+
M4B ln
M2E
M2B
(M2B −M2A)(M2B −M2C)(M2B −M2D)(M2B −M2E)
+
M4C ln
M2E
M2C
(M2C −M2A)(M2C −M2B)(M2C −M2D)(M2C −M2E)
+
M4D ln
M2E
M2D
(M2D −M2A)(M2D −M2B)(M2D −M2C)(M2D −M2E)
 ,
(14)
K4(MA,MB,MC ,MD) ≡
∫
ddk
(2pi)di
k4
(k2 −M2A)(k2 −M2B)(k2 −M2C)(k2 −M2D)
=
1
(4pi)2
[
2

− γE + 1 + ln(4pi)− lnM2D
+
M6A ln
M2D
M2A
(M2A −M2B)(M2A −M2C)(M2A −M2D)
+
M6B ln
M2D
M2B
(M2B −M2A)(M2B −M2C)(M2B −M2D)
+
M6C ln
M2D
M2C
(M2C −M2A)(M2C −M2B)(M2C −M2D)
 ,
(15)
21
K5(MA,MB,MC ,MD,ME) ≡
∫
ddk
(2pi)di
k4
(k2 −M2A)(k2 −M2B)(k2 −M2C)(k2 −M2D)(k2 −M2E)
=
1
(4pi)2
 M6A ln M2EM2A
(M2A −M2B)(M2A −M2C)(M2A −M2D)(M2A −M2E)
+
M6B ln
M2E
M2B
(M2B −M2A)(M2B −M2C)(M2B −M2D)(M2B −M2E)
+
M6C ln
M2E
M2C
(M2C −M2A)(M2C −M2B)(M2C −M2D)(M2C −M2E)
+
M6D ln
M2E
M2D
(M2D −M2A)(M2D −M2B)(M2D −M2C)(M2D −M2E)
 ,
(16)
where  = 4 − d is an infinitely small quantity, and γE is the Euler-Mascheroni constant, we can
see that the functions I2, J3 and K4 are divergent, and the other functions are finite.
References
[1] K. S. Babu and C. N. Leung, “Classification of effective neutrino mass operators,” Nucl.
Phys. B619 (2001) 667–689, arXiv:hep-ph/0106054 [hep-ph].
[2] Y. Liao, “Unique Neutrino Mass Operator at any Mass Dimension,” Phys. Lett. B694 (2011)
346–348, arXiv:1009.1692 [hep-ph].
[3] S. Weinberg, “Baryon and Lepton Nonconserving Processes,” Phys. Rev. Lett. 43 (1979)
1566–1570.
[4] P. Minkowski, “µ→ eγ at a Rate of One Out of 109 Muon Decays?,” Phys. Lett. B67 (1977)
421–428.
[5] T. Yanagida, “HORIZONTAL SYMMETRY AND MASSES OF NEUTRINOS,” Conf. Proc.
C7902131 (1979) 95–99.
[6] M. Gell-Mann, P. Ramond, and R. Slansky, “Complex Spinors and Unified Theories,” Conf.
Proc. C790927 (1979) 315–321, arXiv:1306.4669 [hep-th].
[7] R. N. Mohapatra and G. Senjanovic, “Neutrino Mass and Spontaneous Parity Violation,”
Phys. Rev. Lett. 44 (1980) 912.
[8] M. Magg and C. Wetterich, “Neutrino Mass Problem and Gauge Hierarchy,” Phys. Lett.
B94 (1980) 61–64.
[9] J. Schechter and J. W. F. Valle, “Neutrino Masses in SU(2) x U(1) Theories,” Phys. Rev.
D22 (1980) 2227.
[10] C. Wetterich, “Neutrino Masses and the Scale of B-L Violation,” Nucl. Phys. B187 (1981)
343–375.
[11] G. Lazarides, Q. Shafi, and C. Wetterich, “Proton Lifetime and Fermion Masses in an
SO(10) Model,” Nucl. Phys. B181 (1981) 287–300.
[12] R. N. Mohapatra and G. Senjanovic, “Neutrino Masses and Mixings in Gauge Models with
Spontaneous Parity Violation,” Phys. Rev. D23 (1981) 165.
22
[13] T. P. Cheng and L.-F. Li, “Neutrino Masses, Mixings and Oscillations in SU(2) x U(1)
Models of Electroweak Interactions,” Phys. Rev. D22 (1980) 2860.
[14] R. Foot, H. Lew, X. G. He, and G. C. Joshi, “Seesaw Neutrino Masses Induced by a Triplet
of Leptons,” Z. Phys. C44 (1989) 441.
[15] A. Zee, “A Theory of Lepton Number Violation, Neutrino Majorana Mass, and Oscillation,”
Phys. Lett. 93B (1980) 389. [Erratum: Phys. Lett.95B,461(1980)].
[16] A. Zee, “Quantum Numbers of Majorana Neutrino Masses,” Nucl. Phys. B264 (1986)
99–110.
[17] K. S. Babu, “Model of ’Calculable’ Majorana Neutrino Masses,” Phys. Lett. B203 (1988)
132–136.
[18] F. Bonnet, M. Hirsch, T. Ota, and W. Winter, “Systematic study of the d=5 Weinberg
operator at one-loop order,” JHEP 07 (2012) 153, arXiv:1204.5862 [hep-ph].
[19] D. Restrepo, O. Zapata, and C. E. Yaguna, “Models with radiative neutrino masses and
viable dark matter candidates,” JHEP 11 (2013) 011, arXiv:1308.3655 [hep-ph].
[20] R. Cepedello, M. Hirsch, and J. C. Helo, “Loop neutrino masses from d=7 operator,”
arXiv:1705.01489 [hep-ph].
[21] D. Aristizabal Sierra, A. Degee, L. Dorame, and M. Hirsch, “Systematic classification of
two-loop realizations of the Weinberg operator,” JHEP 03 (2015) 040, arXiv:1411.7038
[hep-ph].
[22] C. Simoes and D. Wegman, “Radiative Two-Loop Neutrino Masses with Dark Matter,”
JHEP 04 (2017) 148, arXiv:1702.04759 [hep-ph].
[23] Y. Cai, J. Herrero-Garca, M. A. Schmidt, A. Vicente, and R. R. Volkas, “From the trees to
the forest: a review of radiative neutrino mass models,” arXiv:1706.08524 [hep-ph].
[24] M. Roncadelli and D. Wyler, “Naturally Light Dirac Neutrinos in Gauge Theories,” Phys.
Lett. 133B (1983) 325–329.
[25] P. Roy and O. U. Shanker, “Observable Neutrino Dirac Mass and Supergrand Unification,”
Phys. Rev. Lett. 52 (1984) 713–716. [Erratum: Phys. Rev. Lett.52,2190(1984)].
[26] P.-H. Gu and H.-J. He, “Neutrino Mass and Baryon Asymmetry from Dirac Seesaw,” JCAP
0612 (2006) 010, arXiv:hep-ph/0610275 [hep-ph].
[27] R. N. Mohapatra, “Left-right Symmetry and Finite One Loop Dirac Neutrino Mass,” Phys.
Lett. B201 (1988) 517–524.
[28] P.-H. Gu and U. Sarkar, “Radiative Neutrino Mass, Dark Matter and Leptogenesis,” Phys.
Rev. D77 (2008) 105031, arXiv:0712.2933 [hep-ph].
[29] S. Kanemura, T. Nabeshima, and H. Sugiyama, “Neutrino Masses from Loop-Induced Dirac
Yukawa Couplings,” Phys. Lett. B703 (2011) 66–70, arXiv:1106.2480 [hep-ph].
[30] Y. Farzan and E. Ma, “Dirac neutrino mass generation from dark matter,” Phys. Rev. D86
(2012) 033007, arXiv:1204.4890 [hep-ph].
[31] C. Bonilla, E. Ma, E. Peinado, and J. W. F. Valle, “Two-loop Dirac neutrino mass and
WIMP dark matter,” Phys. Lett. B762 (2016) 214–218, arXiv:1607.03931 [hep-ph].
[32] E. Ma and U. Sarkar, “Radiative Left-Right Dirac Neutrino Mass,” arXiv:1707.07698
[hep-ph].
23
[33] E. Ma and O. Popov, “Pathways to Naturally Small Dirac Neutrino Masses,” Phys. Lett.
B764 (2017) 142–144, arXiv:1609.02538 [hep-ph].
[34] W. Wang and Z.-L. Han, “Naturally Small Dirac Neutrino Mass with Intermediate SU(2)L
Multiplet Fields,” arXiv:1611.03240 [hep-ph]. [JHEP04,166(2017)].
[35] E. Ma, “Verifiable radiative seesaw mechanism of neutrino mass and dark matter,” Phys.
Rev. D73 (2006) 077301, arXiv:hep-ph/0601225 [hep-ph].
[36] T. Hahn, “Generating Feynman diagrams and amplitudes with FeynArts 3,” Comput. Phys.
Commun. 140 (2001) 418–431, arXiv:hep-ph/0012260 [hep-ph].
[37] E. Ma, “Neutrino mass matrix from S(4) symmetry,” Phys. Lett. B632 (2006) 352–356,
arXiv:hep-ph/0508231 [hep-ph].
[38] G.-J. Ding, “Fermion Masses and Flavor Mixings in a Model with S(4) Flavor Symmetry,”
Nucl. Phys. B827 (2010) 82–111, arXiv:0909.2210 [hep-ph].
[39] C. Hagedorn, S. F. King, and C. Luhn, “A SUSY GUT of Flavour with S4 x SU(5) to NLO,”
JHEP 06 (2010) 048, arXiv:1003.4249 [hep-ph].
[40] G.-J. Ding, S. F. King, C. Luhn, and A. J. Stuart, “Spontaneous CP violation from vacuum
alignment in S4 models of leptons,” JHEP 05 (2013) 084, arXiv:1303.6180 [hep-ph].
[41] H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada, and M. Tanimoto, “Non-Abelian
Discrete Symmetries in Particle Physics,” Prog. Theor. Phys. Suppl. 183 (2010) 1–163,
arXiv:1003.3552 [hep-th].
[42] P.-H. Gu, “Unified mass origin at TeV for dark matter and Dirac neutrinos,” Phys. Lett.
B661 (2008) 290–294, arXiv:0710.1044 [hep-ph].
[43] S. Kanemura, K. Sakurai, and H. Sugiyama, “Neutrino Mass, Dark Matter and Baryon
Asymmetry without Lepton Number Violation,” arXiv:1705.07040 [hep-ph].
[44] LUX Collaboration, D. S. Akerib et al., “Results from a search for dark matter in the
complete LUX exposure,” Phys. Rev. Lett. 118 no. 2, (2017) 021303, arXiv:1608.07648
[astro-ph.CO].
[45] XENON Collaboration, E. Aprile et al., “First Dark Matter Search Results from the
XENON1T Experiment,” arXiv:1705.06655 [astro-ph.CO].
[46] Y. Farzan, S. Pascoli, and M. A. Schmidt, “Recipes and Ingredients for Neutrino Mass at
Loop Level,” JHEP 03 (2013) 107, arXiv:1208.2732 [hep-ph].
[47] L. Lopez Honorez, E. Nezri, J. F. Oliver, and M. H. G. Tytgat, “The Inert Doublet Model:
An Archetype for Dark Matter,” JCAP 0702 (2007) 028, arXiv:hep-ph/0612275 [hep-ph].
[48] L. Lopez Honorez and C. E. Yaguna, “The inert doublet model of dark matter revisited,”
JHEP 09 (2010) 046, arXiv:1003.3125 [hep-ph].
[49] A. Goudelis, B. Herrmann, and O. Stal, “Dark matter in the Inert Doublet Model after the
discovery of a Higgs-like boson at the LHC,” JHEP 09 (2013) 106, arXiv:1303.3010
[hep-ph].
24
